Tramadol is widely used globally and is the second most prescribed opioid in the United States. It treats moderate to severe pain but lethal opioid-induced respiratory depression is uncommon even in large overdose. It is unknown why tramadol spares respiration. Here we show its active metabolite, desmetramadol, is as effective as morphine, oxycodone and fentanyl in eliciting G protein coupling at the human µ opioid receptor (MOR), but surprisingly, supratherapeutic concentrations spare human MOR-mediated barrestin2 recruitment thought to mediate lethal opioid-induced respiratory depression.
INTRODUCTION
Mortality due to fatal opioid-induced respiratory depression is the major adverse outcome of the United States (U.S.) opioid crisis (U.S. Senate Committee on Health Education Labor and Pensions, 2018; Volkow and Baler, 2018) . Amidst this crisis, prescriber use of tramadol has increased substantially because of its lower risks of abuse (U.S. schedule IV) and fatality in overdose. Tramadol was the second most prescribed opioid in the U.S. in 2017 with 41 million prescriptions compared to only 27 million prescriptions in 2010 (Drug Enforcement Administration, 2018; Centers for Disease Control and Prevention, 2019) . During the same period, prescriptions for nontramadol opioids decreased from 224 million to 155 million. An abuser may suffer fatal respiratory depression from a highly potent schedule II opioid because of an unintentional dosing error of only a few milligrams, or in the case of fentanyl, micrograms (Murphy et al., 2018 ; U.S. National Library of Medicine, 2018) . In contrast, tramadol does not cause significant respiratory depression at therapeutic or supratherapeutic gram doses, and for this reason unintentional fatal dosing errors by abusers are rare (Houmes et al., 1992; Vickers et al., 1992; Tarkkila et al., 1997; Mildh et al., 1999; Grond and Sablotzki, 2004; Ryan and Isbister, 2015) . There were no deaths in 71 adults overdosed with tramadol (median dose of 1,000 mg; range: 450-6,000 mg) (Ryan and Isbister, 2015) . Of these, 82% (n=58) had no respiratory depression, including a subject who had ingested 6 grams. The remaining 18% (n=13) exhibited only sub-lethal respiratory depression (oxygen saturation <94%), and 5 of these had taken co-ingestants or had pneumonia. Another 114 adult subjects were reported overdosed with up to 14 grams tramadol (mean 1650 mg), or 280-fold the typical 50 mg therapeutic dose (Shadnia et al., 2008) . Eight (7%) required ventilation and there were only 2 (2%) fatalities (5 and 8 grams tramadol as the sole intoxicant). Lethal overdose due to tramadol alone is reported to be rare in adults (De Decker et al., 2008; Shadnia et al., 2008; De Backer et al., 2010) . Whereas fatal respiratory depression is an uncommon feature of adult tramadol overdose, comparatively little data is available in pediatric subjects who received 167,000 tramadol prescriptions in the U.S. in 2014 (U.S. Food and Drug Administration, 2017 (Rodieux et al., 2018) . Dose was unspecified in these 15, and 6 involved other opioids or depressants.
Death certificates are the foundation of drug overdose mortality surveillance in the U.S. However, in multi-drug intoxications which typify overdose mortality, it is not possible to tease out an individual drug's role and thus it is customary to include all drugs from toxicology testing with concentrations greater than trace amounts in the cause-of-death statement (Slavova et al., 2019) . The U.S. Centers for Disease Control (CDC) collates and reports these death certificate-listed drugs 'involved in' overdose deaths and thus reports drugs both causal and not causal to death, with the latter detectable post mortem at least because of common prescribing or availability without prescription (Hedegaard et al., 2018) . Among U.S. drug overdose deaths in 2016 (n = 63,632), the CDC reported that the abundantly used over-the-counter drug diphenhydramine (Benadryl®) was present in 2,008 overdose deaths (rank 11). Gabapentin was reported present in 1,546 overdose deaths (rank 13), and is among the most prescribed drugs in the U.S. with 64 million prescriptions in 2016 (Goodman and Brett, 2017) . Fentanyl and heroin were most common, being present in 18,335 (rank 1) and 15,961 (rank 2) overdose deaths, respectively, but this is probably a significant underestimate given that only 51-75% of medical examiners and/or coroners always request testing for fentanyl and heroin and only 75% always request testing for novel psychoactive substances such as fentanyl analogues (Slavova et al., 2019) . Tramadol, with 44 million prescriptions in 2016, was reported by the CDC to be present in 1,250 overdose deaths, ranking below gabapentin and diphenhydramine; 266 had intent of suicide and drugs copresent with tramadol were undisclosed. Normalizing fatality to the amount of drug dispensed, tramadol remained below gabapentin in rank and exhibited the lowest rate of fatality in the U.S. of any marketed opioid (<0.01 death per 100,000 grams dispensed) (Murphy et al., 2018) .
Tramadol is racemic and its clinical efficacy requires metabolism by CYP2D6 to its racemic active metabolite, desmetramadol (Figure 1 ) (Grond and Sablotzki, 2004) . Tramadol analgesia arises from a combination of norepinephrine reuptake inhibition (NRI) by the negative enantiomers of tramadol and desmetramadol, and MOR agonism by (+)-desmetramadol. Abnormal tramadol metabolism (too low or too high) due to co-ingestion of a CYP2D6 inhibitor (drug-drug interaction) or genetics (CYP2D6 gene defects or duplications) is a common occurrence in clinical practice affecting over a third to a half of patients that gives rise to inadequate efficacy or increased adverse events (Zebala et al., 2019) . The FDA amended the tramadol label in 2017 with warnings reflecting its metabolic liabilities that affect its efficacy and safety in adult and pediatric patients that included various contradictions on its use in children and a warning that patients of any age who are CYP2D6 ultra-rapid metabolizers (>2 genes) should not use tramadol (U.S. Food and Drug Administration, 2017). We have sought to overcome these liabilities by advancing desmetramadol into the clinic as a strategy to provide NRI and MOR agonism without metabolism. We demonstrated desmetramadol provides the same human analgesic and safety profile as tramadol, but without its metabolic liabilities (Zebala et al., 2019) .
Despite tramadol's decades-long clinical use it is not understood why it spares respiration in humans. The positive (+) desmetramadol enantiomer has only 5-to 7-fold lower affinity and efficacy for the human MOR as morphine ( ]-enkephalin, or "DAMGO") (Gillen et al., 2000) . Blood desmetramadol exceeds its human MOR K i by 130-fold at the maximum therapeutic tramadol dose and by as much as 3,000-fold at a lethal tramadol dose (Grond and Sablotzki, 2004; De Backer et al., 2010) . Because blood desmetramadol is proportional to tramadol dose from therapeutic to lethal doses, the sparing of respiratory depression by tramadol cannot be attributed to metabolism, which offers no protective saturable ceiling on systemic exposure to desmetramadol.
The MOR is a G protein-coupled receptor (GPCR) that mediates two distinct downstream intracellular signaling pathways: (i) activating the Ga i subunit, which then inhibits cyclic AMP (cAMP) levels, and (ii) recruiting barrestins, scaffolding proteins that regulate subsequent GPCR signaling. Gene knock-out studies have shown that activation of the MOR separately mediates analgesia through G protein signaling, and respiratory depression through barrestin2 recruitment (Raehal et al., 2005) . "Biased" GPCR ligands induce alternative receptor conformations that can selectively activate one intracellular signaling pathway over another. Fentanyl is an example of a barrestin2-biased MOR ligand that causes more respiratory depression than morphine at equianalgesic doses (Schmid et al., 2017) . Conversely, a MOR agonist with bias for G-protein signaling over barrestin2 recruitment provides a lower level of respiratory depression for a given level of analgesia, and is a strategy for developing safer opioids (Schmid et al., 2017; Viscusi, 2019) . Other studies suggest the possibility that the lower level of respiratory depression observed for such G-protein biased agonists may be due to bias at other levels of MOR signaling (Kliewer et al., 2019) . The potent affinity of (+)-desmetramadol for the human MOR and the clinical properties of tramadol prompted us to hypothesize that G protein-biased MOR agonism by desmetramadol might account for the apparent discrepant potent MOR binding by desmetramadol and the empirical sparing of lethal respiratory depression in tramadol overdose. Here we investigate this hypothesis by using cell-based assays to measure human MOR-mediated G protein signaling and barrestin2 recruitment by desmetramadol, each of its enantiomers, and clinically relevant control opioids having moderate (morphine, oxycodone) and high (fentanyl) propensity for clinical respiratory depression.
METHODS

Opioid Agonists
Morphine, oxycodone, and fentanyl were obtained from Cerilliant (Round Rock, TX, USA) and were evaporated and reconstituted in DMSO. Desmetramadol and its enantiomers were chemically synthesized (Supplementary Methods). Agonists were serially diluted 3-fold in DMSO (morphine, oxycodone, fentanyl) or water (desmetramadol and its enantiomers) to concentrations 100-fold the assay test concentration (i.e., the DMSO or water vehicle was 1% in the final assay). Further dilution with assay buffer, OptiMEM® + 0.1% BSA or HBSS + 10 mM HEPES, provided samples with concentrations 5-fold or 4-fold the assay test concentration, respectively.
cAMP Accumulation and barrestin2 Recruitment
To determine cAMP accumulation and barrestin2 recruitment by the human MOR, commercial enzyme fragment complementation assays (b-galactosidase) were used (EurofinsDiscoverX, Fremont, California). PathHunter® CHO-K1 OPRM1 b-Arrestin cells were plated at a density of 5,000 cells per well of a 384-well, white-walled assay microplate in Assay Complete Cell Plating 2 Reagent (DiscoverX) overnight prior to measuring the signal. Cells were treated for 90-180 min with agonist at 37 o C and signal determined using the PathHunter Detection Kit to detect functional b-galactosidase. Test concentrations were established in each well with the 5-fold more concentrated samples, and were serial 3-fold reductions of the largest test concentration (100 µM). The resulting increase in luminescence was measured using an Envision TM (PerkinElmer) microplate reader in relative light units (RLU). The control agonist is [Met]-enkephalin. Percentage activity is computed as 100% x (test agonist mean RLU -vehicle control mean RLU)/ (control agonist maximum RLU -vehicle control mean RLU). Maximum control agonist RLU is 24-fold over vehicle control RLU.
cAMP Hunter™ CHO-K1 OPRM1 G i cells were plated at a density of 10,000 cells per well of a 384-well and incubated as described for barrestin2 recruitment. Cells were then stimulated for 30 min at 37 o C with agonist and 20 µM forskolin, or with 20 µM forskolin only. The same agonist test concentrations were employed as described for barrestin2 recruitment. Test concentrations were established in each well with the 4-fold more concentrated samples. Following stimulation, signal was detected using the HitHunter cAMP Assay XS+ Detection Kit and luminescence measured as described for barrestin2 recruitment. Maximum control agonist RLU is 13-fold over vehicle control RLU.
Software and Analysis
GraphPad Prism software (v. 8.0) was used for data analyses. Agonists were assayed in duplicate. Concentration response data were fit to a four-parameter non-linear regression model to determine EC 50 and E max , with the mean ± standard deviation (SD) of the values from each experiment reported.
RESULTS
Commercially available enzyme fragment complementation assays were used to assess each agonist's potency (EC 50 ) and efficacy (E max ) of G-protein modulated cAMP accumulation and barrestin2 recruitment ( Table 1) Consistent with the findings of other investigators, the maximum barrestin2 recruitment by fentanyl was significantly greater than the maximum barrestin2 recruitment by morphine (E max 220% of morphine, P < 0.0001; i.e., barrestin2-biased). In contrast, both desmetramadol and its enantiomers significantly spared human MOR-mediated barrestin2 recruitment up to the largest concentration tested (100,000 nM), with desmetramadol plateauing to a significantly lower maximum barrestin2 recruitment compared to morphine (E max 28% of morphine, Zebala et al. Desmetramadol Is a Biased MOR Agonist
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To place these in vitro data in the context of dose escalation in the setting of opioid abuse, human pharmacokinetics for each agonist (Supplementary Table 1) were used to map each tested agonist concentration (C tested ) to a proportional adult human dose having a maximum blood concentration (C max ) equal to C tested . The C tested -to-dose model approximates the maximum cAMP response and barrestin2 recruitment in vivo as a function of human dose (Figure 2) . The model shows that clinically analgesic doses of fentanyl (0.050-0.100 mg), morphine (10-20 mg) and oxycodone (15-30 mg) all correspond to a maximum cAMP response on the plateau of each curve (Figure 2A) . Clinically analgesic doses of desmetramadol (20-30 mg) and tramadol (50-100 mg) correspond to lower cAMP responses (~50%) consistent with their known MOR-mediated and non-MOR analgesic mechanisms. The same analgesic doses correspond to barrestin2 recruitment ranging from none for desmetramadol and tramadol, to modest recruitment (<10%) for morphine, oxycodone and fentanyl ( Figure 2B ). Lethal doses of morphine (>300 mg), oxycodone (>200 mg) and fentanyl (>1-2 mg) correspond to barrestin2 recruitment >40%. In contrast, barrestin2 recruitment by tramadol and desmetramadol is comparatively spared, corresponding to a maximum of 10-18% for doses between 1 and 10 g.
DISCUSSION
Our data show desmetramadol, tramadol's active metabolite, to be a potent G-protein biased human MOR agonist. It elicits maximum human MOR-mediated G protein coupling thought to mediate analgesia as effectively as morphine, oxycodone and fentanyl, with the positive enantiomer having a potency for cAMP accumulation equal to oxycodone. The positive enantiomer was shown by Gillen et al. (2000) to have 7-fold lower efficacy than morphine for GTPgS binding. Clinical studies show that orally administered tramadol provides analgesia equal to morphine (Grond and Sablotzki, 2004) . These data are at odds with the perception that tramadol is a "weak" opioid, either in terms of its analgesic efficacy or as an explanation for why it spares respiration. This perception more likely is the result of its inconsistent metabolism to the active metabolite, which we have shown is obviated by dosing desmetramadol directly (Zebala et al., 2019) . Instead, we observed that desmetramadol spares MORmediated barrestin2 recruitment thought to mediate opioidinduced respiratory depression, and this may explain the observed clinical sparing of lethal respiratory depression by tramadol. Whereas our data indicate no barrestin2 recruitment was associated with therapeutic doses of desmetramadol and tramadol, therapeutic doses of morphine and oxycodone corresponded to a modest level of barrestin2 recruitment. Consistent with these data, clinical studies that compared tramadol to morphine, oxycodone and meperidine (pethidine) for treating moderate to severe pain found that all opioids except tramadol elicited respiratory depression at equianalgesic doses (Houmes et al., 1992; Tarkkila et al., 1997; Mildh et al., 1999) .
Our data indicate that lethal human doses of morphine, oxycodone and fentanyl correspond to levels of barrestin2 recruitment exceeding 40%, or about 4-fold the level associated with therapeutic doses. In contrast, barrestin2 recruitment by tramadol and desmetramadol plateaued at a significantly lower level of barrestin2 recruitment, reaching a maximum of 10-18% only for large doses corresponding to 1 to 10 grams, a level of barrestin2 recruitment nearly equal to that achieved by oxycodone and morphine at their therapeutic doses. As with other pharmacodynamic phenomena that exhibit a doseresponse relationship, these data suggest clinical lethality due to opioid-induced respiratory depression is a threshold phenomenon. In this threshold model, increasing barrestin2 recruitment is associated with increasing sublethal respiratory depression as a function of increasing dose, until a critical lethal threshold is crossed. If a biased opioid agonist increases barrestin2 recruitment, but cannot cross this threshold for lethality even in large overdose (i.e., barrestin2 recruitment is capped), it may decrease respiration up to a certain level, but will have a low propensity to induce a lethal level of respiratory depression by itself. Illicit desmetramadol was reported lethal at blood concentrations consistent with gram doses, but correlating dose to fatality is obscured in these cases because desmetramadol was coingested with other opioids and depressants that included mitragynine, benzodiazepines and ethanol that could have reduced the lethal barrestin2 threshold (Kronstrand et al., 2011) . Lethality due to tramadol alone however, requires ingestion of at least 100 times the therapeutic 50 mg dose (i.e., 100 standard 50 mg tablets), and effects of its intoxication reflect more its monoaminergic activity and seizures, rather than MOR agonist-induced respiratory depression (De Decker et al., 2008; Shadnia et al., 2008; De Backer et al., 2010) .
Biased signaling by a MOR agonist can be quantified by calculating a bias factor that compares barrestin2 recruitment to either GTPgS binding or inhibition of cAMP accumulation by the agonist relative to a reference agonist (Winpenny et al., 2016) . As observed for other biased MOR agonists including fentanyl (Schmid et al., 2017) , we found that fentanyl, desmetramadol and its enantiomers more reliably computed as G-protein biased by comparing barrestin2 recruitment with GTPgS binding rather than to inhibition of cAMP accumulation (Supplementary Table 2 ).
There are limitations to using only the bias factor to identify a safer opioid. The bias factor only defines the extent of a normalized difference, or window between the two doseresponse curves for G protein and barrestin2 signaling. It does not provide relevant clinical context in the setting of abuse, where lethality turns on a human subject achieving a lethal threshold of barrestin2 signaling by intentional dose escalation irrespective of its separation from G-protein signaling. An opioid with an impressive bias factor will still be prone to lethality in the setting of abuse if it elicits full barrestin2 signaling at doses readily reached by intentional or unintentional dose escalation. In the threshold model, the clinically relevant measure of opioid safety is whether barrestin2 recruitment is capped below a lethal threshold for any dose that is practical to intentionally or unintentionally administer in the setting of abuse (rationalizing our mapping each C tested to a human dose and C max ).
In this regard, the maximum degree to which desmetramadol spares barrestin2 recruitment relative to morphine is comparable to other G-protein biased MOR agonists, including the clinically tested oliceridine (Table 2) (Dewire et al., 2013; Schmid et al., 2017) . barrestin2 recruitment corresponding to therapeutic blood concentrations of morphine and oliceridine ranged from ]-enkephalin (DAMGO) in this study, Dewire et al. (2013) and Schmid et al. (2017), respectively. b Maximum stimulation tested at 100 µM concentration to establish E max . c Maximum stimulation tested at 6.6 µM concentration to establish E max . indistinguishable to only minimally different from one another (Supplementary Figure 1) . This may explain why trials of therapeutic doses of morphine and oliceridine variably demonstrated statistically significant and insignificant differences in sublethal respiratory depression (Viscusi, 2019) . Unlike multi-gram tramadol overdose, human subjects have not been exposed to oliceridine doses that would cause much larger differences in barrestin2 recruitment compared to a lethal morphine dose. Decades of tramadol use has resulted in >30 billion cumulative patient treatment days worldwide, and by way of its active metabolite may have validated biased agonism as a strategy for safer opioids (Grünenthal Gmbh, 2017) . Our results combined with empirical clinical evidence suggest that the absence of respiratory depression by tramadol correlates to sparing of barrestin2 recruitment by its active metabolite, desmetramadol, newly identified herein as a potent G-protein biased human MOR agonist.
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